To test the hypothesis that disturbed flow can impede the transport of nitric oxide (NO) in the artery and hence induce atherogenesis, we used a lumen -wall model of an idealized arterial stenosis with NO produced at the blood vessel -wall interface to study the transport of NO in the stenosis. Blood flows in the lumen and through the arterial wall were simulated by Navier -Stokes equations and Darcy's Law, respectively. Meanwhile, the transport of NO in the lumen and the transport of NO within the arterial wall were modelled by advection -diffusion reaction equations. Coupling of fluid dynamics at the endothelium was achieved by the Kedem -Katchalsky equations. The results showed that both the hydraulic conductivity of the endothelium and the non-Newtonian viscous behaviour of blood had little effect on the distribution of NO. However, the blood flow rate, stenosis severity, red blood cells (RBCs), RBC-free layer and NO production rate at the blood vessel -wall interface could significantly affect the transport of NO. The theoretical study revealed that the transport of NO was significantly hindered in the disturbed flow region distal to the stenosis. The reduced NO concentration in the disturbed flow region might play an important role in the localized genesis and development of atherosclerosis.
INTRODUCTION
Clinical and post-mortem studies revealed that atherosclerotic lesions in the arterial wall develop at certain sites in the human arterial system such as along the inner walls of curved segments and the outer walls of arterial bifurcations, where blood flow may be disturbed and flow separation and re-circulation readily occur [1, 2] . This suggests that haemodynamic factors may be involved in the localized genesis and development of atherosclerosis. Flow-induced shear stress has been recognized as one of the most important haemodynamic factors in the localization of atherogenesis [3, 4] . Nevertheless, the underlying mechanism is still not very clear.
Nitric oxide (NO) is a pivotal endothelium-derived substance. The hallmark of endothelial dysfunction is impaired shear stress-dependent vasodilation, which is mediated by NO [5] . In addition to causing smooth muscle relaxation, endothelial NO possesses many anti-atherosclerotic properties. It can prevent leucocyte adhesion to the vascular endothelium and migration into the vascular wall [6, 7] . NO can also reduce endothelial permeability and thus suppress the influx of lipoproteins into the vascular wall [8] . In addition, NO can inhibit the oxidation of low-density lipoproteins (LDL) [9] . Furthermore, NO can protect the arteries from developing atherosclerosis by inhibiting the proliferation and migration of vascular smooth muscle cells [10, 11] . NO can also inhibit platelet aggregation and adhesion to the vascular wall, hence preventing thrombosis [12] .
It has been well documented that NO production is wall shear stress (WSS)-dependent [13] [14] [15] . Thus, flow disturbance with low WSS in the arterial system may affect endothelial NO synthase (eNOS) and hence NO production. Once it is produced, the concentration of NO is affected by the local flow field through convection. Therefore, local flow patterns in the arterial system can affect the transport process of NO in the arterial lumen and within its wall. Accordingly, abnormal transport of NO due to blood flow disturbance may play an important role in the localized atherogenesis in the arterial system.
Previously, most of the NO transport modelling studies were focused on arterioles to investigate the effective diffusion distance of NO into the arterial wall [16 -18] . In these studies, the convection term of NO transport was usually ignored and the NO production rate that should be shear stress-dependent was always assumed to be constant. Using a model with diffusion and convection terms, Smith et al. [19] found that convective transport of NO had an important impact on NO distribution. Unfortunately, they did not take the shear stress-dependent NO production into consideration in their model, and still used the constant NO production rate assumption like others. In contrast, Chen et al. [20] and Sriram et al. [21] included the shear stress-dependent NO production in their modelling studies, but ignored the convection term of the NO transport. Recently, Fadel et al. [22] and Plata et al. [23] theoretically investigated the endothelial NO production and transport in parallel plate flow chambers and re-emphasized the importance of the convective transport in NO concentration distribution. Nevertheless, their modelling studies were carried out in relatively simple flow fields with either parabolic or plug velocity profiles and could therefore offer little information to understand the transport of NO in those arteries with disturbed flows that affected both NO production and transport and hence the distribution of NO in the arteries.
To test the hypothesis that a locally disturbed flow due to sudden changes in geometry can impede the transport of NO in the artery and hence induce atherogenesis in the disturbed flow region, in the present study, we numerically simulated the blood flow and the transport of NO in an axisymmetric arterial stenosis. In this study, a lumen -wall model of the stenosis with NO produced at the blood vessel -wall interface was employed. The NO production rate was assumed to be shear-dependent. In addition, we also investigated the effects of shear-dependent hydraulic conductivity of the endothelium, the non-Newtonian viscous behaviour of blood, the flow rate, the severity of the stenosis, NO production rate, red blood cells (RBCs) and RBC-free layer on NO concentration distribution in the artery.
METHODS

Geometry of the model
The computational geometry is an axisymmetric stenosis with 75 per cent reduction in the cross-sectional area of the lumen, as shown in figure 1 and table 1. The inner radius of the non-stenosed region and the wall thickness of the artery are chosen to be R ¼ 1.85 mm and t ¼ 0.34 mm, respectively, in accordance with the dimensions of the human left anterior descending (LAD) coronary artery [24, 25] . The form of the stenosis is modelled by the equation [26] 
where r(z) is the inner radius of the artery at location z in the stenosis for 2D z D with z ¼ 0 at the throat of the stenosis, D the inner diameter of the non-stenosed region of the artery and d the dimensionless radius reduction at the throat of the stenosis. In the present study, d was chosen to be 0.5 that led to a 75 per cent reduction in the cross-sectional area of the lumen. The artery was extended 4D upstream and 16D downstream of the stenosis, respectively [27] . where u l and p l represent, respectively, the fluid velocity vector and the pressure, r the density of blood (r ¼ 1050 kg m
23
) and t the stress tensor [28] t ¼ 2hð _ gÞS; ð2:4Þ
where S and _ g are the rate of deformation tensor and the shear rate, respectively. _ g is related to the second invariant of S. h represents the viscosity of blood, which is a function of _ g. For the non-Newtonian blood flow simulation, the Carreau model is used to calculate the blood viscosity Endothelium. To couple the flow dynamics in the arterial lumen with that in the arterial wall, the transmural velocity across the endothelium (J v ) is modelled by the Kedem -Katchalsky equation [29] J v ¼ L p ðDp À sDpÞ;
ð2:6Þ
where Dp is the pressure difference across the endothelium, s the osmotic reflection coefficient and Dp the oncotic pressure drop across the endothelium. In the present pilot study, Dp is neglected to decouple the fluid dynamics from the solute dynamics. L p is the hydraulic conductivity of the endothelium, which is assumed to be a function of WSS (jt w j) according to Sun et al. [29] . ) [29] . Solute dynamics Lumen. The mass transport of NO in the flowing blood can be described by the following steady advectiondiffusion reaction equation: and _ V NO denotes the rate at which NO is consumed by reaction [17] . In the present study, NO is assumed to be auto-oxidized to yield nitrite, which can be described by the following pseudo-second-order reaction [23] : Endothelium. The NO production rate at the endothelium is a critical parameter in the computational simulation of NO transport. In the present study, the NO production rate is given by the following hyperbolic model that is based on real-time experimental measurements made by Andrews et al. [30] : Arterial wall. The transport of NO in the arterial wall is modelled by the following equation:
where c w is the concentration of NO in the arterial wall, D w the diffusivity of NO in the arterial wall (8.48 Â 10 210 m 2 s
21
) and _ V w the reaction rate of NO [31] . The reaction rate is treated as a first-order rate expression, which is given by [32] 
ð2:14Þ
where k w is the consumption rate constant (0.01 s
).
Boundary conditions
As shown in figure 1 , flow transport equations (2.2) -(2.3) and (2.8) -(2.9) are subject to the following boundary conditions: BC-A: At the inlet of the lumen of the arterial segment, the flow is set as a fully developed ( parabolic) velocity profile. The mean velocity is chosen to be 0.24 m s 21 as the average of the mean diastolic and systolic velocities in the LAD, so that the resulting mean Reynolds number (Re) based on the diameter of the artery is approximately 270 [33] .
BC-B:
The pressure at the outlet boundary of the artery lumen is set at 100 mmHg.
BC-C: At the lumen side of the endothelial boundary, a transmural outlet velocity in the out normal direction of the lumen domain is prescribed by
ð2:15Þ
where J v is the transmural velocity across the endothelium in (2.6) and n l is the out normal vector of the endothelium.
BC-D:
At the wall side of the endothelial boundary, a transmural inlet velocity in the normal direction is prescribed by
ð2:16Þ
BC-E: At the media-adventitia interface, a constant pressure boundary condition of 30 mmHg is employed [29] .
BC-F: No flow is set on both the axial ends of the arterial wall, i.e. n . u w ¼ 0.
BC-E: Symmetric condition is set at the symmetrical axis.
The boundary conditions for the mass transport equations (2.10) and (2.13) are as follows:
BC-1: The inflow concentration of NO (c 0 ) at the inlet is assumed to be 0 nM.
BC-2:
The continuity of NO concentration is maintained and the mass flux across the endothelium is assumed to be the product of the endothelium NO production rate and the thickness of the endothelium. That is,
and
where N l . n l is the flux of NO from the endothelium into the arterial wall, 2N w . n l the flux of NO from the endothelium into the lumen, T the thickness of endothelium, which is assumed to be 2 mm, and R NO is the NO production rate in (2.12). BC-3: For other boundaries, the concentration gradient in the boundary normal direction is assumed to be zero.
Computation procedures
The numerical simulations were carried out by a validated finite element algorithm Comsol Multiphysics. First, flow simulations were performed to obtain the pressure and the velocity fields, which were used later on for the simulations of NO transport. The numerical results were considered to be mesh-independent when the difference in NO concentration between two consecutive simulations was less than 0.1 per cent. For all cases, the final computational mesh consisted of 50 Â 1600 cubic elements (50 elements along the radial direction and 1600 elements along the axial direction) in the lumen and 20 Â 1600 cubic elements in the arterial wall. The mesh was especially refined at the stenosis and near the endothelium. Figure 2a shows the distribution of WSS along the stenosis model. WSS increases sharply reaching a peak value of approximately 45.5 Pa near the stenosis throat. Immediately after the throat WSS decreases drastically and reverses the direction. The two local minima with a WSS value of zero correspond to the separation point (z ¼ 0.2583D) and reattachment point (z ¼ 6.5187D). 
RESULTS
Fluid dynamics
Nitric oxide transport
As shown in figure 2c , the concentration distribution of NO at the lumen-wall interface (c lum -wal ) varies dramatically along the stenosis. The production of NO on the endothelium first leads to a gradual increase in c lum -wal . Then c lum -wal decreases slightly at the axial coordinate of 20.6D and reaches a local minimum of 6.3 nM near the throat (z ¼ 20.1458D). Immediately from the throat, c lum -wal increases sharply reaching a peak value of approximately 10.7 nM near the flow separation point. The lowest c lum -wal occurs at the flow reattachment point. Figure 2d shows the concentration distribution of NO at the interface between the media and the adventitia. NO concentration decreases sharply at the stenosis region and the flow-separated region.
NO concentration profiles within the wall at different axial locations are illustrated in figure 3 . Thin concentration boundary layers are predicted in the upstream section (24D) and the downstream section (16D) of the stenosis, where blood flows are not disturbed. In the separated flow zone the boundary layer grows much thicker, which is because of the absence of the convective transport in this region.
Effect of endothelial hydraulic conductivity
From figure 2, it can be seen that although sheardependent hydraulic conductivity can significantly affect the transmural fluid velocity across the endothelium, it has no effect on both the WSS distribution and the transport of NO.
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Effect of non-Newtonian blood flow
In the previous sections, calculations were performed assuming blood as a Newtonian fluid. However, blood is a non-Newtonian fluid, particularly at low shear rates. We therefore compared a non-Newtonian model with the Newtonian one. As shown in figure 4a, the WSS profiles for both the Newtonian and the nonNewtonian simulations are similar. Generally speaking, WSS for the non-Newtonian simulation is slightly higher than that for the Newtonian simulation. When compared with the Newtonian blood flow simulation, the reattachment point for the non-Newtonian simulation moves slightly upstream towards the throat.
The non-Newtonian property of blood can affect the transport of NO by both the convection through the flow field and the NO production rate through the WSS (2.12). To clarify the effect of the non-Newtonian behaviour of blood on NO transport, in this set of simulations we analyse two different cases for the transport of NO.
Case 1: To investigate the effect of convection, NO production rate at the endothelium in (2.18) is assumed to be constant and to be the same as that at the inlet section of the stenosis.
Case 2: NO production rate at the endothelium is shear-dependent and modelled by (2.12).
As shown in figure 4b , for case 1, after the stenosis throat, c lum -wal for the Newtonian model is much higher than that of the non-Newtonian model. However, for case 2, as illustrated in figure 4c, c lum -wal for the Newtonian model is generally lower than that of the non-Newtonian model, following the same trend as WSS. These results demonstrated that non-Newtonian behaviour of blood induces two opposite effects on NO transport and its effect on shear-dependent NO production rate dominates NO transport. Figure 2 . Comparison between the model with shear-dependent hydraulic conductivity (solid line) and the model with a corresponding constant hydraulic conductivity (dashed line) in terms of (a) WSS distribution, (b) transmural velocity distribution across the endothelium (J v ), (c) NO distribution at the lumen -wall interface (c lum -wal ) and (d ) NO distribution at the media/adventitia interface (c med -adv ). The shear-dependent hydraulic conductivity has no effect on both the WSS distribution and the transport of NO. In this set of simulations, Re ¼ 270 and blood is assumed to be a Newtonian fluid. 
Effect of the Reynolds number
Until now, the numerical simulations have been carried out only for an Re of 270, which represents the average of the mean diastolic and systolic velocities in the LAD. However, the blood flow rate (hence, Re) in the LAD varies dramatically from a resting state to a state of a strenuous exercise. Therefore, to verify the effect of the Reynolds number, we also carried out simulations at Re ¼ 50, 270, 500 and 700.
As shown in figure 5 , generally speaking, the increase in Re causes an increase in c lum -wal . However, as is evident from the figure, the concentration of NO at the endothelium is strongly affected by the Reynolds number. At Re ¼ 50, c lum -wal is higher in the stenosis region than other areas without the stenosis. In contrast to this, at Re ¼ 270, 500 and 700, c lum -wal drops to a local minimum near the throat of the stenosis and at the flow reattachment point.
Effect of nitric oxide production rate
A number of experimental studies measured the oxidation products of NO and estimated the NO production rate at the endothelium [18, 34] . However, owing to the differences in experimental protocols, the reported data varied in a very wide range (from 0.035 to 68 mM s
21
) [18, 34] . To investigate the effect of NO production rate on the transport of NO, two models were compared. The first one was based on (2.12). The second was assumed to have an R NO that was linearly dependent on WSS as described by [20] Figure 6 shows the distribution of NO concentration at the lumen-wall interface and at the media-adventitia interface. When compared with simulations based on R NO -hyp in (2.12), owing to the much higher NO production rate, the NO concentration obtained for R NO -linear is much higher. For the two models, as illustrated in figure 2d and figure 6 , the distribution of NO concentration profiles at the media-adventitia interface is similar. However, there is great difference in c lum -wal at the stenosis region of the two models. These results indicate that the magnitude and the form of the NO production model have a significant influence on the concentration distribution of NO in the stenosis.
Effect of stenosis severity
In the previous sections, the area reduction of the stenosis was set at 75 per cent. In order to clarify the effect of stenosis severity, we carried out three additional simulations with different stenosis area reductions, namely 0, 25 and 50 per cent. Figure 7a shows that the increase Comparison between Newtonian (solid line) and non-Newtonian (dashed line) models in terms of (a) WSS distribution, (b) NO distribution at the lumen-wall interface with a constant NO production rate and (c) NO distribution at the lumen -wall interface with a shear-dependent NO production rate. In this set of simulations, NO production rate ¼ (R NO -hyp ). Re ¼ 270. Nitric oxide transport in a stenosis X. Liu et al. 2473 in stenosis area reductions causes a sharp increase in WSS at the throat of the stenosis. From figure 7a, it can be seen that the distance between the flow separation point and the reattachement point becomes bigger with increasing stenosis severity, indicating that the size of the vortex distal to the stenosis increases with increasing stenosis severity. As illustrated in figure 7b , the luminal surface concentration of NO (c lum -wal ) at the stenosis in the model with 25 per cent area reduction is slightly higher than that in the model with no stenosis. However, when the stenosis area reduction increases to 50 and 75 per cent, c lum -wal is significantly lower than that of the model with no stenosis.
Effect of red blood cells
NO can be auto-oxidized by oxygen in the lumen and be scavenged by haemoglobin in the RBCs. In order to clarify the effect of RBCs, an additional reaction term was included in the NO transport equation in lumen (2.10), which is described by [35, 36] , with the assumption that the haemoglobin concentration in blood is 2.3 mM [37] .
As shown in figure 8a, when compared with the simulation without RBCs, the presence of RBCs would significantly reduce the luminal surface concentration of NO (c lum -wal ) in the whole model and as k RBC increases, c lum -wal is sharply reduced, indicating that RBC is an effective NO scavenger in the blood. However, with or without RBCs, the transport of NO is significantly hindered in the disturbed flow region distal to the stenosis.
Effect of red blood cell-free layer
The reaction rate for auto-oxidation of NO in the RBCfree layer (2 mm plasma layer plus 4 mm glycocalyx layer) is much lower than that for NO consumption by RBCs in the lumen. In addition, owing to the low fluid permeability of the glycocalyx layer, the flow velocity through the glycocalyx was very small [38] , which may increase the resistance for NO transport towards the lumen. Therefore, to clarify the effect of the RBC-free layer on NO transport, in this set of simulations we analysed three different cases for the transport of NO.
Case 1: The flow simulation in the RBC-free layer is based on the steady-state incompressible NavierStokes equations, the reaction of NO in the RBC-free layer includes the auto-oxidation by oxygen and the consumption by RBCs ((3.2) , k RBC ¼ 2.3 s
21
). Case 2: The flow simulation in the RBC-free layer is the same as that in case 1. However, the reaction of NO in the RBC-free layer only includes the auto-oxidation by oxygen ((2.11), k RBC ¼ 0 s 21 ). Case 3: The transmural flow across the RBC-free layer is modelled with a porous medium to simulate the glycocalyx, which is described by the Brinkman equation with a hydraulic permeability and a porosity of 6.0383 Â 10 218 and 0.6735 [39] , respectively. The reaction of NO is the same as that in case 2 (k RBC ¼ 0 s As shown in figure 8b, when compared with case 1, the luminal surface concentration of NO (c lum -wal ) for case 2 increases more than 10 per cent in most regions of the model except in the vicinity of the flow separation region, where c lum -wal is almost the same for both cases. For case 3, in most parts of the model, c lum -wal closely resembles that for case 2. However, in the upstream region of the stenosis where WSS is relatively high, c lum -wal in case 3 is significantly higher than that in case 2. These results demonstrate that the RBC-free layer can reduce the scavenging of NO and increase the NO concentration on the endothelial cells. Figure 8b also indicates that the transport of NO is evidently hindered in the disturbed flow region for all the three cases.
DISCUSSION
It is well documented that NO may have numerous anti-atherosclerosis properties [6, 12, 40, 41] . In the present study, we hypothesized that locally disturbed flow could impede NO transport in the artery and hence induce the localization of atherogenesis. To substantiate this hypothesis, we numerically studied the transport of NO using an axisymmetric stenosis model that could create a well-defined flow disturbance. Our results demonstrated that the concentration distribution of NO in the disturbed flow region was indeed significantly reduced. In addition, we further investigated the various factors that might influence the transport of NO. The study showed that the Reynolds number (inlet velocity), stenosis severity, NO production rate by the endothelium, RBCs and RBC-free layer could significantly affect the concentration distribution of NO in the artery. The non-Newtonian viscous behaviour of blood had little influence on the transport of NO. The hydraulic conductivity of the endothelium had no impact on the transport of NO.
The present study revealed that the concentration of NO on the endothelium was significantly reduced in the vicinity of the flow separation point, which might enhance leucocyte adhesion to the endothelium, leading to atherogenesis there. This prediction is consistent with the experimental findings by others [42, 43] . Cicha et al. [42] found that the disturbed flow at the outer wall of an arterial bifurcation could downregulate the expression of eNOS and hence reduce the release of NO, leading to enhanced monocyte recruitment. Rouleau et al. [43] observed in their experimental study that neutrophil adhesion was significantly enhanced in the recirculation flow zone distal to a stenosis.
The present numerical study predicted a transmural velocity (J v ) of 2. 28 m s 21 ) at the same transmural pressure. In addition, the distribution of transmural velocity across the endothelium with a shear-dependent hydraulic conductivity closely resembles the distribution obtained by Sun et al. [29] .
Our simulation demonstrated that when compared with constant hydraulic conductivity, the sheardependent hydraulic conductivity of the endothelium had almost no effect on the transport of NO. The reason is that the transmural fluid velocity due to the hydraulic conductivity of the endothelium is very low so that the Peclet number (Pe ¼ RJ v /D w ) is low. The Peclet number represents the ratio of NO convective transport to NO diffusive transport. Therefore, at such a low transmural fluid velocity, the transport of NO across the arterial wall is dominated by diffusive flux of NO.
The present study indicated that when compared with the Newtonian assumption, the shear thinning behaviour of blood could lead to enhanced WSS in most regions of the stenosis. This was consistent with the flow simulation study in the human aorta by Liu et al. [46] . When compared with the Newtonian model, the flow reattachment point for the non-Newtonian model moved upstream towards the stenosis throat, which was in agreement with the predictions by others [47] .
The result of the present study showed that if the production rate of NO by the endothelium was constant, the concentration of NO in the disturbed flow region would be much higher for the Newtonian ) shows that the RBC-free layer with a much lower NO reaction rate could enhance c lum -wal , and the comparison between case 2 and case 3 (solid line) illustrates that endothelial glycocalyx could further increase c lum -wal in the high-WSS region of the stenosis. In this set of simulations, Re ¼ 270, the NO production rate is R NO -hyp and blood is assumed to be a Newtonian fluid. model than that for the non-Newtonian model. However, if the production rate of NO was sheardependent, this difference in NO concentration between the Newtonian model and the non-Newtonian one would be significantly attenuated. Because experimental observations [13, 15] proved the production rate of NO by the endothelium was shear-dependent, the result indicated that for the simulation of NO transport in the arterial system, treating blood as a Newtonian fluid was reasonable.
The result showed that the increase in Re (inlet velocity) caused an increase in NO concentration on the endothelium (c lum -wal ). This result was consistent with the experimental results of others [48] who found that increased flow in blood vessels elicited vasodilation responses mediated by increased availability of NO. Nevertheless, the present study also revealed two opposite effects of enhanced Re on endothelial NO concentration distribution. On the one hand, an increase in Re (hence in WSS) could enhance NO production by the endothelial cells. On the other hand, the increase in Re could lead to an increased convection that could wash the NO away from the luminal surface into the bulk flow. This was consistent with predictions by others [22, 23] who found that the concentration of NO in a parallel plate flow chamber depended non-monotonically on the Re.
Arterial remodelling is the mechanism by which the size of arterial lumen is preserved despite the development of atherosclerosis [49] . This phenomenon was first reported by Glagov et al. [50] . They studied histological sections of 136 left main coronary arteries obtained at autopsy and found that a nearly normal lumen cross-sectional area was preserved until the atherosclerotic lesion occupies 40 per cent of the area circumscribed by the internal elastic lamina [50] . NO has been proven to play an important role in the arterial remodelling [49, 51] . Our simulations demonstrated that the concentration of NO at the endothelium in the model with a 25 per cent stenosis was higher than that in the model without a stenosis. The increased NO due to the mild stenosis might stimulate the remodelling of the artery. However, when the stenosis increased to beyond 50 per cent, the concentration of NO at the endothelium became much lower than that in the model without a stenosis, which might lead to rapid decreases in the lumen cross-sectional area. This phenomenon has been observed by Glagov et al. [50] .
NO diffused into the adjacent smooth muscle cells activates soluble guanylate cyclase (sGC), which catalyses the formation of cyclic guanosine monophosphate (cGMP), leading to smooth muscle relaxation and vasodilation. It has been reported that the value of NO concentration required for the activation of sGC varies in a wide range (1-250 nM) for half-maximum activity of sGC [18] . The present study indicated that if the value of R NO was calculated with (2.12), the relatively low NO concentration (c med -adv ) at the media-adventitia interface of the stenotic region (figures 2d and 6) because of the long diffusion distance from the endothelium out to the interface and the relatively low c lum -wal at the downstream stenosis in the flow separation zone (figure 2c) might be insufficient to activate the sGC. However, if R NO was calculated using (2.18), the NO concentration in these areas was more than enough to activate the sGC. Therefore, the utilization of different models for NO production rate (R NO ) could significantly affect the numerical results on the concentration distribution of NO. Nevertheless, it could not change the conclusion that locally disturbed flow could impede NO transport in the artery.
Owing to the high NO reaction rate by RBCs, the presence of RBCs in the lumen significantly reduced the NO concentration on the endothelium, which has also been demonstrated in the capillaries and arterioles [16, 21, 37] . However, the effect of RBCs on NO transport in the artery was diminished by the existence of the RBC-free plasma layer at the blood-endothelium interface because of the much lower NO reaction rate in the layer, which was consistent with Liao et al.'s experiments [36] . Moreover, the present study revealed that the endothelial glycocalyx with relatively low fluid permeability coating the endothelium would further increase the NO concentration on the endothelium in the high-WSS region of the stenosis by reducing NO convection from the endothelium to the lumen.
In the present study, we used a steady flow condition in the simulation. The pulsation of blood flow can affect the movement of the arterial wall, which in turn affects the flow of blood. It was reported that when the arterial wall was assumed to be an isotropic material, the compliance of the arterial wall had little effect on the haemodynamics of an arterial stenosis [51] . However, the non-uniform distribution of NO in the stenosis may lead to a non-uniform relaxation of the arterial wall, which in turn may render the arterial wall anisotropic. Therefore, the coupling of NO concentration with blood flow and the arterial wall compliance should be further investigated. In addition, the production rate of NO used in the study is constant, which is different from the reality that has been shown to be transient and burst-like, and facilitates NO delivery to the smooth muscle cells and reduces the scavenging of NO by blood [52] . Therefore the effect of transient NO production should also be studied.
To better understand the transport of NO in the artery, factors such as the compliance of the arterial wall, the transient effects of blood flow and the transient NO production rate should be considered in further studies.
CONCLUSIONS
A lumen -wall model with NO production at the lumen -wall interface was employed to study the transport of NO in an idealized stenosis. The simulation study revealed that the transport of NO was significantly hindered in the flow disturbed region distal to the stenosis, which may contribute to the development of atherosclerosis.
